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The reaction of the modified Sharpless reagent, as well as microaomes and highly purified 
flavin-containing monooxygenase from hog liver, and cytochrome P-450IIB-1 from rat liver 
efficiently S-oxygenates 2-aryl-l^S-oxathiolanes with significant diastereoselectivity and enan- 
tioselectivity. The absolute configuration of the synthetic S-oxidea and the enzyme-derived 
S-oxides was correlated by NMR analysis and by the sign of the Cotton effects obtained from 
circular dichroism studies. Of the sulfides studied, the frans-5-oxide was the m^jor diastereomer 
produced from monooxygenase-catalyzed biotransformations. In all cases examined, enan- 
tioeelective S-oxygenation was observed although enantiomeric excess varied from 7 to 100%. 
In contrast to previous reports, the enantioselectfvity of S-oxygenation catalyzed by cytochrome 
P-450IIB-1 was not always opposite to that of hog liver flavin-containing monooxygenase activity. 
The presence of the minor S-oxide diastereomers in each case was due to incomplete chiral 
processing by each monooxygenase and not to a competing achiral nonenzymatic process. The 
results suggest that the active aite of hog liver flavin-cOntaining monooxygenase places greater 
constraints than that of cytochrome P-450IIB-1 on substrate orientation, but in both cases 
mnu-5-oxide formation is strongly preferred possibly due to steric interactions of the substrate 
and the active site. 


Introduction 

The dialky! sulfide functionality is present in many 
important drugs, chemicals, and agrichemicals (f-3) and 
is metabolized principally by S-oxygenation (4). In many 
cases the pharmacodynamics of a drug or chemical has 
been shown to be dependent on the rate of sulfide oxida¬ 
tion and sulfoxide reduction (5,6). The enzymatic oxi¬ 
dation of sulfides is largely dependent on two microsomal 
monooxygenases: the cytochromes P-450 (7) and the fla¬ 
vin-containing monooxygenase (FMO) 1 (J, 8-10). FMO- 
related S-oxygenations of dialkyl sulfides can be distin¬ 
guished from cytochrome P-450 related S-oxidations by 
the use of various inhibitors and pH conditions (8,8) and 
by the greater susceptibility of hepatic FMO to thermal 
inactivation (8). These two microsomal S-oxygenases may 
also be distinguished by the stereoselective nature of their 
enzyme action since it has been reported that FMO and 
cytochrome P-450 produce 5-oxides of opposite absolute 
stereochemistry (3, 7, 10-12). 

Although leu information Is known about sulfide oxi¬ 
dation (13) than amine oxidation ( 14 , 15), cytochrome 
P-450 oxidation of sulfides has been correlated with the 
one-electron oxidation potential of the sulfldee examined 
(16), and it is possible that sulfides are oxidized by hepatic 
preparations via single-electron-transfer processes (17). In 
contrast, most of the studies to date indicate that FMO 
and related hydroperoxyisoalloxazine model systems for 
FMO- operate via nucleophilic anionic mechanisms (8, 
18-20) although single-electron-transfer mechanisms can¬ 
not be ruled cut (9). In general, it appears that strongly 
nucleophilic sulfides are substrates for FMO and P-450 
while electron-deficient sulfides are substrates for cyto- 
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chrome P-450 only (8, 9, 21). In addition to electronic 
effects, steric effects may help to determine the mono¬ 
oxygenase that is responsible for the S-oxygenation of 
sulfides (8, 12,22). 
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In ibis study, we determined the diastereoecIecUvjty and 
^nauUo&eUctivity of S-oxygenation of 2-aryl-I,3-oxa- 
thiolanes (1-6) catalyzed by purified FMO and nucroaoraes 
from hof liver as well as purified cytochrome P-450UB-1 
from liver (Scheme I). The S-oxygenation of 2-aryM,3- 
oxathiolanes as stereochemical probes of the active site of 
FMO and cytochrome P-450 has several advantages, in¬ 
cluding (I) the formation of stable cis - and trons-S-oxide 
diastereomers, which allow for straightforward analysis, 
and (2) the ease of synthesis of 2-aryl-1,3-cxa thiolanea and 
their 5-oxides with various electron-rich and electron-de¬ 
ficient aromatic substituents which modulate the relative 
nucleophilicity of the dialkyi sulfide center. The results 
of our study provide insight into the stereochemical and 
mechanisitic details of FMO-catalyzed and cytochrome 
P-450 catalyzed S-oxygenations. 

Experimental Procedures 

Material# and Methods. 2-Aryt-l f 3-oxathfolane* and their 
corresponding $*oxidae were synthesized as previously described 
(9, //). Glucose 6~pho*phate, ghi co — 6 phosphate dehydrogenase, 
NADP 4 , and NADPH wars purchased from Sigma Chemical Co. 
AU other reagsnts and buffs rs were obtained in the highest quality 
available from commercial sources. Hog Uvsr microtome* were 
a generous gift of Professor D. M. Ziegler (University of Texas 
at Austin), and FMO was isolated and purified from bog liver 
microtomes by a procedure previously described (23). The highly 
purified hog liver FMO and hog liver microtomes N-oxygenated 
dlmethylanUine very efficiently (545 and 3.4 nmol of product/ 
(min-mg of protein), respectively!. Rat liver cytochrome P- 
450IIB-1 (P450«) (24), cytochrome 6* and NADPH-cytocfaroma 
P-450 reductase were purified to homogeneity by a method 
previously described (25). 

Rat liver cytochrome P-450IIB-1 was purified as previously 
described (25), Rst liver cytochrome P-450IIB-1 had a specific 
contents of 19.5 nmol of P-450/mg of protein. The specific content 
of cytochrome 6* was 32.6 nmol of 5*/mg of protein, and the 
reductase preparation Had an activity of 66 jtfaol of cytochrome 
c reduced/(mln*mg of protein) in 0.3 M potassium phosphate 
buffer (pH 7.7) at 25 *C. 

The major phenobarbital-inducible cytochrome P-450 (P- 
4501IB-1) from rat liver exhibited characteristically high pent- 
oxyrtsorufin O-dealkylaie and 16£-testoetarone hydroxylase ac¬ 
tivities (6 and 3 nmol of product/(min-nraol of cytochrome P-450), 
respectively] shown to be characteristic of the phenobarbital- 
induced isozymes and was judged to be homogeneous by SDS- 
polyacrylamide gel electrophoresis (27). 

The concentration of protein was determined by the method 
of Brsdford (25). 

Metabolism Incubations and Enzyme Assays. Activity of 
the microaomal or highly purified FMO was msasured by de¬ 
termining S-oxide product formation by HPLC (29). The incu¬ 
bation media contained 50 mM potassium phosphate (pH 8.4) 
and an NADPH*generating system consisting of 05 mM NADP\ 
2.0 mM glucose 6-phosphate, 1IU of glucose-6-pbosphate de- 
hydrogenase, and 200-300 Mg of hog Uver microtomes or 40*900 
Mg of purified hog liver FMO, The reaction was initiated by the 
addition of substrate and incubated at 33 *C for various times 
before the reaction was stopped by the addition of 4 volumes of 
cold CHsCU and analyzed for products by HPLC as dascribed 
below. 

Activity of rat liver cytochrome P-450HB-1 was measured by 
determining 5-oxide product formation by HPLC as previously 
described (9, If, 12,29). Cytochrome P-450IIB-1 was reconstituted 
as follows: 50 mC of dilauroylpbosphatidylcboUne was combined 
with 600 units of rat cytochrome P-450 reductase and 100 pmol 
of cytochrome P-45011B-1. After a 10*mm equilibration at 4 *C, 
the mixture was diluted with potassium phosphate buffer (0.1 
M, pH 7.4), substrate wis added (400 mM final concentration in 
10 mL of methanol), and then 100 pmol of cytochro m e was 
added. The reaction was immediately initiated by the addition 
of 1 mM NADPH or a 0.5 mM NADPH-generating system In a 
final volume of 1 roL. After a 10-min incubation at 33 *C with 
constant shaking in air the reaction was stopped by the addition 


Tabic I. Chiralccl OD HPLC Separation of 

_ 2-Aryl- Lj^oxathiojaae 5-Oxides* _ 

retention volume, naL 
traru-S-oxide c«-5-oxide 
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18.3 
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10.0 

17.2 

24.4 

*26.4 

23.1 

32.8 

275 
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24.0 
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30.1 


compound (X group) 15,25 lR*2R 15,2fl IRJS 

2-*ryi'l,3-oxJlhioUne 5-oxide 

7 (4-OCH*> 

8 (4-CH*) 

I (4-H) 

10 (4-Cl) 

11 (4-CN) 

12 (4-NO,) 

•HPLC conditions for separation of enantiomers are given un¬ 
der Experimental Procedures. 

of 2 volumes of cold CH,C1, and prepared for HPLC as previously 
described (9. fi. 12, 29). 

After analysis of part of the reaction products by RP-HPLC 
as described previously (9,29), the remaining reaction products 
were evaporated to dryness and taken up in 2-propanol/hexane 
(1852 v/v) for separation and quantitation by chiral HPLC (IBM 
Model 9000 with UV detector fitted with a Chiracs! OD analytical 
col umn (25 cm X 0.15 cm Ld* DA1CEL Chemical Ind. LTD, New 
York)] (11.12). The mobile phase wss 2-propanol/hexane (18:82 
v/v), which efficiently separates the starting material from cia- 
and teo/u-5-oxide enantiomers (Table 0- Quantification was 
accomplished by comparing the Integrated area for each enan¬ 
tiomer at 240 nm (9). 

Synthesis ef Chiral 5-Oxides. The synthesis and complete 
spectral characterization of the 2-eryl-l,3-oxathioUnee 1-6 have 
been reported previously (9), Treatment of compounds 1-6 with 
sodium metaperiodate resulted in the formation of racemic 
products although some diastereoeelectivity was observed {30). 
The relative stereochemistry of the 5-oxides was determined by 
*H NMR analysis and is in agreement with reports by others (31, 
32) which show a downfleld shift of signals from hydrogens ds 
to the sulfoxide oxygen. The synthesis of 5-oxides with moderate 
to high enantiomeric exoess was accomplished by using a modified 
Sharpless reagent: titanium isopropoxide-ditthyi tartrate in the 
presence of terf-butyl hydroperoxide and water (33). The yields 
and diastereoeelectivity of the reactions are similar to those 
previously reported (11,12, 30 ,31). The optical purity of the 
product 5-oxidea was determined by NMR analysis using a chiral 
solvating agent [(+MS)-9-anthiyl-2A2-trifluoroethanoll for 7-12. 
The chiral optica) properties of the 5-oxides determined by NMR 
were confirmed by circular diehroism (CD) studies. The CD 
absorption spectre were characterized by increasing absorption 
between 285 and 195 nm with dearly developed peaks and troughs. 
For the 5-oxides examined a readily identifiable absorption be¬ 
tween 260 and 205 nra corresponds to an absorption band that 
has Information for configuration assignment (34,35), Previous 
studies have established a relationship between the CD sign and 
the absolute stereochemistry of the 5*oxJdt center (36) where a 
positive CD can be correlated with an (fi)-sulfoxidt configuration. 
Accordingly, we correlated the absolute configuration of the 
5-oxides obtained by chemical synthesis. The stereochemistry 
of the second (benzylic) center was defined by the geometric 
requirement of the els or trans configuration as determined by 
NMR spectroscopy. HPLC of the enantiomers with a Chiralcel 
OD chiral column confirmed the enantiomeric excess (ee) de¬ 
termined by NMR and CD. The retention volumes of all four 
enantiomers for each 2-aryM,3-oxathiolxnt 5-oxide (7-12) tre 
listed in Table 2. By use of this HPLC system, efficient separation 
of the enantiomers was obtained and te could be readily deter¬ 
mined. In the event that trace impurities Interferred with the 
HPLC runs, the 5-oxide metabolites were first purified with • 
RP-HPLC system, extracted with CH,Cl, ( dried, and reanalyzed 
by the DAICEL HPLC system. 

Results 

S-Oxygenation of Z-Aryl-W-oxathioUnea by Hog 
Liver Microtomes and Hog Liver FMO. We investi¬ 
gated the chemical and enzymatic S*oxygenation of 2- 
aryl-1,3-oxathiolanes (1-6) in vitro (Scheme l). The S- 



Source: https://www.industrydocuments.ucsf.edu/docs/sllm0000 








Cushman tl at. 





i 


3 

] 


345 Ckem. Rot, ToxicolVol. 3 , No. 4, 7990 




TabU II. g-0»w»atfoa of lAryj-lj-exatbiofrag with Hag Livar Microsomat 






Cnont-5-cxide 

cis-S-oxidt 


substrate* (X croup) 

% <u* 

1S.7S IR.2R 

IS,2R 

1 RJS 

+n»octyUmine 

I (4-OCH*) 

46.3 * 5.1 

97.3 * 1.0 

99.1 * 13 


2 (4-CHj) 

22.4 * 163 

100 

100 


8 (4-H) 

15.9 * U 

100 

100 


* (4-Cl) 

26.2*63 

97.9 * 13 

100 


8 M-CN) 

65.9*33 

973 * 3.1 

ldo 


€ (4-N0i) 

40.9*0.4 

92.0*23 

100 


-n-octyUmtoe 

1 (4-OCHi) 

77.0 * 11 

503*10 

50.7 * 1.6 


2 (4-CHJ 

60.6 * 1.7 

79.7 * 0.6 

100 


3 (4-H) 

263*23 

64.6 * 5.1 

100 


4 (4-Cl) 

703*2.1 

71.3 * 1.1 

100 


K4-CN) 

« (4-NO,) 

100 

96.1*03 

81.4 * 1.1 

74.1 * 0.1 


100 


•Tbt compltt* incubation system oontainad 50 aM pboaphaU buffer (pH 6.4), 200 subetrete, the NADPH-gsntrattaf system, 876 m{ 
of mkroeomt! protein, and 6 raM n-octyUaine in a final volume of 0.26 mL. The reeulta are the avertft of three or four detansinationa 
(*SD). ^Percent diaetereomeric noeei (da) refart to, for example, percent trcru-5-oxW* (% 1A,2A + % 1 S&S) - percent ctt-5-ozlde (% 
1K,1S 4- % 1$3R). For 1*4 da refan to trerw-5-oxkIi. 'Percent enantiomeric excees (ea) for each diaitereomer refen to the percent 
enantiomer in excew subtracted from the percent of the minor enantiomer divided by the total percent of enantiomers in question. This 
value it multiplied by 100. 


Table III. 8-Oxygenation of l-AfyUilexathisUnes with Bog Liver Flavin-Cental nine Monooxyfenaee 


% ee* 




tronj-S-oxid* 

cia-5-oxide 

substrate* (X group) 

%d«* 

ISAS IRAK 

ISAR IRAS 

'tn-octyUmto* 

1 (4-OCH)) 

313*53 

49.1 * 6.7 

614*6.7 

2 (4-CH|) 

23.6 * 10 

063*14 

100 

3 (4-H) 

€3*16 

100 

100 

4 (4-0) 

20.0*33 

843*23 

100 

S (4-CN) 

693*233 

91A * 2.1 

100 

6 (4-NO J 

82.7* L* 

81.4 * 12 

100 

-fi-octylamin* 

1 (4-OCH*) 

29.4*03 

663*4.1 

100 

2 (4-CHJ 

18.8 * L0 

883*33 

100 

3 (4-H) 

93* 13 

100 

100 

4(4-0) 

63 * 17 

873*13 

100 

6 (4-CN) 

56.1*12 

943*14 

100 

• (4-NOf) 

«2^*a Jt 

833*1.7 

100 


•The compleu syttam is as described la Table U except 226 Mt of hifhiy purified FMO protein was used. The results are the average of 
three or four determinations (*SD). *Diuter*omeric excees (d«) as defined in Table U. The de refers to traru*5*oxide. ‘Enantiomeric 


excess (ee) as defined in Table IL 

oxidative biotransformation of 2-aryl-l,3-oxathiolanet was 
determined with hoc liver microtomes and purified hog 
liver FMO. As shown by previous studies, mono* and 
disuifoxidt products were obtained from hepatic micro* 
some or purified monooxygenase preparations (9,29). The 
relative rate of hog liver mtcrosomes and FMO-catalyzed 
5-oxide formation was quite similar to the rate of 5-oxide 
formation previously reported for this series of compounds 
(9, 29), During the short incubation times used for the 
present study, only 5*monooxides were obtained As 
shown in Table II, 2-ary)-l,3-oxathiolanes were S- 
oxygenated mainly to produce traru-5-oxides by hog liver 
roicroeomes. In the absence of n-octylamine, a positive 
effector for hepatic FMO (9), and an inhibitor of cyto¬ 
chrome P-450 (37), a marked increase in the S-oxygenation 
diasteraoselectivity as compared to the complete micro¬ 
somal system and a significant decrease in the enantiom¬ 
eric enrichment for pro-5 S-oxygenation were observed. 
In the presence of highly purified hog liver FMO, S- 
oxygenation of 2-aryl-l^-oxathiolanea produces the 
traru-S ’oxide isomer with significant diastereoselectivity, 
and in the absence of n-octylamine a slight increase in 
enantiomeric excess of the trcmi-(l5,2S}-S-oxide was ob¬ 
served (Table III). For both the microsomal and highly 


purified hog liver FMO a marked stereopreference for 
formation of trons-(15,25)*5-oxide or the ct#-(lS,2fl)-S- 
oxide was observed. Thus, for 2-aryl-I r 3*oxathiolanes, 
preference for addition of an oxygen to the pro-5 sulfur 
atom lone pair was seen. 

S-Oxygenation of 2*Aryl-l f 3-oxathiolanes by Cyto¬ 
chrome P-450IIB-1, The S-oxygenation of sulfides 1-6 
was investigated with purified cytochrome P-450IIB-1 in 
order to determine the rate of 5-oxide formation as well 
at the diastereoselectivity and anantioselectivity of the 
reaction, 2-Aryl-l,3-oxathio]enee are good substrates for 
rat liver cytochrome P-450IIB-1. In the presence of pu¬ 
rified cytochrome P-460IIB-1 from rat liver, S-oxygenation 
of 2-aryl-l^S-oxathiolanes 1-4 gave predominantly the 
tronr-5-oxide diaitereomer As shown in Table IV, S- 
oxygenation of sulfides 1-6 gave a major trons-5-oxide 
product, but generally (Le., with the exception of 5) only 
a modest excess of one enantiomer was observed to be 
formed. For rat liver cytochrome P-450IIB-1, the stereo¬ 
preference for oxygenation at sulfur indicates that attack 
of an oxygen atom at the pro-S sulfur atom occurred for 
aryl-l,3-oxathiolanes 1-3 and 6. For compounds 4 and 5 
a stereopreference for oxygenation of the sulfur atom at 
pro-R sulfur was observed. As shown in Table IV, the rates 
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TabU tV* of Z-Aryl-14-aaathfaUncs by Rot Liver Cytochrome P-4S0IIB-1 


S’ox id« formed, 
nreot/(mhwimol of P-450) 

substrate* (X group) cu-S-oxidt_troni-S-oxidt_% dt 4 


_ %*' _ 

tron#-9-oxid# ca-S-oxid* 

1 MAR _ ISOS _l/US_ ISJR 


t (4-OCH|) 

0.2 

4.9 

920 


11.9 


7.0 

* M-CH,) 

0,1 

0.9 

80.0 


6.9 


20.6 

2 (4-H) 

0,1 

04 

75.0 


6.3 


24.9 

4 (4-Cl) 

0.1 

21 

900 

7*1 



7.8 

f (4-CN) 

25 

U 

529 

100 


100 


1 (4-NO,) 

12 

M 

78.0 


9*9 

9.4 



•The incubation system contained 60 nM phosphate, pH 7*4, the NADPH-fsnsrstmg system, 400 *M substrate, 60 mM dilsuroy!- 
pbosphatWylchollnt, $00 unite of cytochrome c rsductest, 100 pool of cytochrome 6* end 100 pmol of cytochrome P-450IIB-1, end vaiuee 
art the sveragt of two or three determinetiooe. ^Percent dieetereomeric ezeeu <de) as defined in Table D* ‘Enantiomer excess <ee) u 
deOned in Table a 


of 5-oxide formation did not follow a strict Hammett-type 
dependence (38) on the nature of the aryl subetltuent, but 
there was a tendency for electron-deficient 2-aryI-M-ox* 
athiolanes 4-4 to bs oxidized by cytochrome P-450IIB-1 
to a fieater extent than electron-rich 2-aryl-1,3-oxathJol- 
anei 2 and 3. In each case examined, the eruna-5-oxide 
product had an excess of one enantiomer. The stereo¬ 
chemistry of S-oxygenation by rat liver cytochrome P- 
450IIB-1 was determined and indicated a preference for 
formation of the (15,25)-* wu-5-oxide (Table IV) except 
for compounds 4 and 5* 

Discussion 

Efficient methods for the synthesis and analysis of en¬ 
antiomers of 2-aiyl-l,3-oxsthiolane 5-oxides (7*12) have 
been developed (30; 32 t 33) and used to investigate the 
stereoselective S-oxygenation catalyzed by hog fiver mi¬ 
crotomes, hog liver FMO, and rat liver cytochrome P- 
450HB-1 (Scheme 1). 2-Aryl- 1,3-oxathioIanee are good 
substrate* for each monooxygenase enzyme system exam¬ 
ined (9,29,30) and provide a convenient tool to study 
active site topology of both monooxygenase systems* 

In microsomal preparations from hog liver the major 
product of metabolism of 2-aryl-l,S-oxathioianei 1-4 is the 
frana-S-oxide. The diastereaeelective S-oxygenation of 1-4 
reported here is less than or in some cases the same as that 
reported previously (9). We attribute the differences to 
the nature of the composition end activity of the micro¬ 
somal monooxygenm in this preparation of microtomes. 
In the absence of n-octylamine, the diaitereoselectivity of 
microsomal S-oxygenation is increased for all cases tested 
(Table ID, but surprisingly, the enantioselectivity is slightly 
decreased* This may be a consequence of the contribution 
of cytochromes P-450 to the enantioselective S-oxygenation 
of 1-4. In contrast, for incubations performed with highly 
purified hog liver FMO in the presence or absence of n- 
ocytlamme, no significant difference in the diastereose- 
lectivity or enantioselectivity it apparent except for com¬ 
pound 1 (Table II). Thus, for 1, preference for addition 
of an oxygen atom to the pro-5 sulfur atom by hog liver 
tnicrosomes in the presence of n-octylamine was observed 

to be 98*8% (Le., 70.2% IS,25; 28*6% 1S,2R> with 1*0% 
addition at the pro-/? sulfur atom (Le., 0.6% 1#,2#; 0.4% 
\R t 2S). While the diaitereoselectivity of S-oxygenation 
catalyzed by highly purified hog liver FMO is reported here 
as decreased compared to our previous report (9), never¬ 
theless, addition of molecular oxygen to the pro-S sulfur 
atom is clearly the predominant pathway for the hog liver 
FMO. S-Oxygenation of 1-4 by rat Uver cytochrome P- 
450IIB-1 is highly diastereoselective but, in general, only 
modestly enantioselective except for 5 (Table IV). For 
example, rat liver cytochrome P-450IIB-1 S-oxygenates l 
with preference for addition of oxygen to the pro-5 sulfur 
atom to be 53.7% (i.e., 51.7% 15,2#; 10% IS,2S) with 


46.3% addition of oxygen to the pro-# sulfur atom (Le., 
44.7% 1#,2S; 1.6% L#,2#). From these results we con- 
duds that hog liver FMO possesaea significant active site 
constraints and requires rigid orientation of substrate 
whereas cytochrome P-450IIB-1 possesses a great deal 
more flexibility at the active site. For FMO, there ts dear 
steric interference to the ary! group and cii-5-oxide for¬ 
mation. A possible explanation for the high enanliose- 
lectivity for FMO-catalyxed S-oxygenation and lower en- 
arftioselectivzty for cytochrome P450IIB-1 catalyzed S- 
oxygenation may be due to the involvement of anionic 
nucleophilic mechanisms in the former, and radical species 
involvement in the latter case (9). From the data for 
S-oxygenation of 2-aiy)-l,3~oxatbiolanes by cytochrome 
P-450IIB-1, a dear distinction for single-electron transfer 
versus a nudeophilic mechanism cannot be made (39), but 
the data are consistent with a role of single-electron 
transfer in the product-determining step of the reaction 
(16,17). For FMO, a nudeophilic mechanism is favored, 
but rapid collapse of radical speciss to produce 5-oxide 
products cannot be exduded. 

Analysis of electronic substituent effects on hog Uver 
microsomes or rat liver cytochrome P-450IIB-1 catalyzed 
S-oxygenations of 1-4 reveals s nonlinear Hammett-type 
substituent correlation (38). Such "U-shaped" correlations 
may suggest that possibly two reaction mechanisms are 
operating, with one type of mechanism taking place with 
electron-rich sulfide substrates and a different one with 
electron-deficient sulfide substrates. Another possibility 
is that the rate-limiting step for S-oxygenation is different 
for electron-deficient and electron-rich sulfides. That s 
linear correlation for the S-oxygenation of 1-6 (9) was 
obtained with highly purified FMO suggests that hog liver 
cytochrome P-450 may contribute to ^oxygenation by a 
different mechanism possibly involving nonnudeopbiiic 
reactions. Evidence for single-electron-transfer mecha¬ 
nisms by the cytochrome P-450IIB-1 catalyzed S- 
oxygenations is obtained from studies with compounds 1-4 
where very low enantioselectivity is observed. While 
relatively high enantioselectivity for S-oxygenation of 5 by 
both hog liver FMO and rat liver cytochrome P-4501IB-1 
is observed, a clear distinction in mechanism cannot be 
made. Such data are consistent with an anionic nucleo¬ 
philic mechanism of S-oxygenation for FMO, but they do 
not rule out the involvement of single-electron-transfer 
mechanisms (9). It is possible that, for cytochrome P* 
450IIB-1, slightly different mechanisms of oxidation are 
at work for different classes of sulfides ts well ss for 
sulfides within a series. 

In general, cytochrome P-450IIB-1 catalyzes S- 
oxygenations of 2-aryl-l,3-oxathiolanes with less diaste- 
reomeric precision than hog liver FMO. This has also been 
observed for highly purified and microsomal pulmonary 
flavin-containing and cytochrome P-450 monooxygenases 
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from pregnant rabbit (J2). For bog liver FMO significant 
active site steric constraints must be at work in order to 
effect such remarkable diastereoselectivity as that observed 
in this study. In agreement with previous observations 
concerning heteroatom oxygenations (2/, 40 , 41), hog liver 
FMO accepts substrates to afford £ranx-S-oxide products. 
As shown in Figure 1, FMO enzymatic steric bulk must 
almost preclude attack from the cis face of the 2-aryl* 
1,3-oxathiolane substrate. With the relative configuration 
of the substrate fixed, as shown in Figure 1* attack of 
oxygen by FMO or cytochrome P-450IIB-1 must occur as 
depicted to give S-oxide of the absolute stereochemistry 
determined. It is currently unclear as to what subtle en¬ 
zymic features direct attack of oxygen at the pro»S or 
pro-R position of the sulfide molecule, but cytochrome 
P-450 appears capable of an ‘edge-on* mode of S- 
oxygenation, whereas for FMO, orientation of the entire 
molecule in a binding pocket is required for S-oxygenation. 
The results described above are consistent with the view 
(42) that FMO involves anionic nucleophilic attack of 
sulfide sulfur on electrophilic oxygen and that cytochrome 
P-450 catalyzed S-oxygenation is initiated by a single¬ 
electron transfer from sulfide sulfur. 
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